Abstract Sandy beaches are the prime sites for human recreation and underpin many coastal economies and developments. In many coastal areas worldwide, beach recreation relies on the use of off-road vehicles (ORVs) driven on the shore. Yet, the use of ORVs is not universally embraced due to social conflicts with other beach user groups and putative environmental consequences of vehicle traffic on sandy shores. Such ecological impacts of ORVs are, however, poorly understood for endobenthic invertebrates of the intertidal zone seawards of the dunes. Consequently, this study quantified the degree to which assemblages of intertidal beach invertebrates are affected by traffic. The study design comprised a series of temporally replicated spatial contrasts between two reference sites (no ORVs) and two beaches with heavy ORV traffic (in excess of 250,000 vehicles per year) located in SouthEast Queensland, Australia. Macrobenthic assemblages on ORV-impacted beaches had significantly fewer species at substantially reduced densities, resulting in marked shifts in community composition and structure. These shifts were particularly strong on the middle and upper shore where vehicle traffic was concentrated. Strong effects of ORVs were detectable in all seasons, but increased towards the summer months as a result of heavier traffic volumes. This study provides clear evidence that ORVs can have substantial impacts on sandy beach invertebrates that are manifested throughout the whole community.
Introduction
Sandy beaches dominate the world's ocean shores, comprising two-thirds of all ice-free coastlines (Bascom 1980) . Most of the global human population is concentrated in the coastal fringe, and sandy beaches are the most intensively used type of shore worldwide (Gormsen 1997; Klein and others 2004) . Sharply rising population densities in the coastal zone, coupled with much improved personal economic resources and availability of leisure time, place escalating pressures on sandy beaches (Schlacher and others 2006) . Most prominently, large tracts of coastal habitat have been lost to residential building and associated infrastructure developments, and the dunes backing sandy beaches have become severely compressed or destroyed (Nordstrom 2000) . The ecological impacts of direct human pressures on beaches are varied, ranging from severe disruption of sand transport and erosion to chemical pollution and litter (Brown and McLachlan 2002; Schlacher and others 2006) .
Recreational activities are one of the most prominent forms of direct human uses of sandy beaches, and include walking, swimming, surfing, beach camping, bait and shellfish collecting, and fishing (Priskin 2003a; Buckley 2004; Klein and others 2004; Davenport and Davenport 2006) . In many parts of Australia and elsewhere, leisure activities involve the use of off-road vehicles (ORVs) driven on the beaches (Steiner and Leatherman 1981; Stephenson 1999; Priskin 2003a; Moss and McPhee 2006; Schlacher and Thompson 2007; Schlacher and others 2007a) . ORVs can, however, be environmentally highly destructive (Palmer and Leatherman 1979; Godfrey and Godfrey 1980) . Negative environmental effects of ORV traffic in the dune-beach system include severe sediment disruption and erosion (Anders and Leatherman 1987; Priskin 2003b; Schlacher and Thompson in press ), destruction of dune vegetation (Luckenbach and Bury 1983; Rickard and others 1994) , and disturbance of threatened vertebrates such as birds and turtles, resulting in lower reproductive success and population declines (Hosier and others 1981; Buick and Paton 1989; Watson and others 1996; Williams and others 2004) .
Macrobenthic invertebrates (e.g., worms, clams, crustaceans, etc.) play a key role in the trophic architecture of sandy beaches, supporting higher-order consumers such as shorebirds and fishes (Heymans and McLachlan 1996; McLachlan and Brown 2006; Peterson and others 2006) , and contribute to nutrient recycling on beaches (Soares and others 1997) . These largely infaunal species generally occupy the sand matrix of the intertidal zone where most of the vehicle traffic is concentrated (Schlacher and Thompson 2007) , and are thus potentially vulnerable to impacts by ORVs via direct crushing of individuals (Wolcott and Wolcott 1984 ; van der Merwe and van der Merwe 1991; Blankensteyn 2006; Moss and McPhee 2006; Schlacher and others 2007a ). Yet, despite their ecological importance, the effects of ORV traffic on macrobenthic assemblages are poorly understood and community-wide effects are not known. Published information on ORV impacts generally relate to single species only (e.g., Moss and McPhee 2006) , or small sub-sets of the assemblages (van der Merwe and van der Merwe 1991). Also, existing data on impacts originate from short-term field experiments or from temporally limited surveys of species population sizes, lowering the robustness of predictions about the generality and consistency of putative ORV impacts over time.
Escalating human pressures on sandy beaches in the form of recreational ORV traffic require the development of management responses based on scientifically robust and defensible evidence of ecological impacts (James 2000; Micallef and Williams 2002; Schlacher and others 2006; Schlacher and others 2007b) . This evidence is currently not available for whole macrobenthic assemblages -a key ecological component of sandy beaches that is potentially vulnerable to vehicle traffic. Thus, the chief objective of this study was to determine whether ORV traffic on sandy beaches causes changes to communities of invertebrates subjected to vehicle traffic. Specifically, it aimed to (a) quantify the response of entire faunal communities to ORV traffic, in terms of changes in community structure, diversity, and abundance, and (b) assess whether ecological impacts by ORVs are consistent over time compared with natural variability in community attributes.
Materials and Methods

Beaches Studied
Macrobenthic assemblages were compared between two beaches subjected to heavy ORV traffic (''impact beaches'') and two beaches without vehicle traffic (''reference beaches;'' Fig. 1 ). All four beaches are located in SouthEast Queensland, on the Eastern seaboard of Australia. The two reference beaches, Peregian-and Sunrise Beach, are situated to the south of the town of Noosa, and are subjected only to pedestrian use (human trampling). They have no appreciable traffic by off-road vehicles (ORVs), save for the occasional search and rescue vehicle (Fig. 1) . By contrast, the two beaches north of Noosa, Teewah Beach and Noosa North Shore, receive high volumes of ORV traffic all year. More than a quarter million (265,241) vehicles traverse the beach per year (Noosa Council personal communication, 1 June 2006); this translates to an average of 727 vehicles crossing the beach per day. However, during peak holiday periods and public holidays, daily traffic volumes can exceed 5000 vehicles in a single day (Richardson and others 2006) .
The vast majority of this beach traffic is by recreational ORVs, which comprise 91% of all beach traffic, followed by residents and tradesman who make up 7% of beach traffic. All other user types (e.g., motor bikes, commercial fishermen, tour buses, etc.) comprise only a minor (\1%) fraction of the beach traffic. Overall, 93% of all beach traffic is for recreational purposes, 2.3% for commercial reasons, and 5.2% by local residents. Thus, almost all people travelling in vehicles on the beaches do so for leisure activities (Richardson and others 2006) .
Beach traffic volumes are lower during the austral winter (i.e., May to August) at 16,000-18,000 vehicles per month, but double to over 30,000 vehicles per month during the peak summer season in December and January. Recreational users mostly drive the strong seasonality in beach traffic, whereas commercial traffic is relatively stable at around 1500-2000 vehicles per month (Richardson and others 2006) .
All beaches were sampled on three occasions, corresponding broadly to low traffic volumes during the austral winter (30 July-6 August, 2005), moderate traffic (13-18 December, 2005, one week before the peak Christmas period) and from 11-16 January 2006 after the peak traffic period of the Christmas/New Year summer holidays in Australia.
Traffic Surveys
Vehicle surveys were conducted on both beaches that received ORV traffic during each season when the fauna was sampled. The chief purpose of the vehicle surveys was to determine the spatial distribution of traffic across the beach face (i.e., from the dunes to swash zone). To this end, the beach was divided into 10-m wide bands that ran for 100 m parallel to the shoreline. The most landward band was located at the base of the foredunes and the most seaward band was located in the swash zone below the effluent line.
The boundaries of these ''vehicle count bands'' were marked with small pieces of flagging tape inserted into the sand. These boundary markers were small enough not to be noticed by drivers (avoiding possible bias), but easily visible to observers. Observers, who either posed as tourists or sunbathers at the foredune, recorded the position and time of each passing vehicle. Both the markers and observers were inconspicuous enough not to bias driver behavior.
Traffic was recorded from the time of predicted high tide until the next low tide.
Fauna Sampling
At each beach, the macrobenthos was sampled across five transects (spaced 30 m apart along the shore) on each occasion. Transects extended from the base of the foredunes to the low water spring tide (LWST). Twelve levels (stations) were sampled on each individual transect, progressing at mid-tide from level 12 (near the base of the foredune) to level 1 located in the swash zone at the time of predicted low water. Thus, spatial sampling coverage was 180 samples per beach over the study period (3 times 9 5 transects 9 12 levels per transect).
At each level, five cores (inner diameter 154 mm, 200 mm deep) were taken and pooled into a composite sample. The fauna was then washed from the sediment in the swash through a 1 mm mesh sieve, and preserved in 80% ethanol. All macrofauna was identified to the lowest possible taxon, usually distinct species or operational taxonomic units (OTUs).
All faunal sampling was done two days before and after spring tides. A total of 720 samples was obtained (3 times 9 4 beaches 9 5 transects per beach 9 12 levels Fig. 1 Location of the study area in Southern Queensland, Australia (a), and (b) the area surveyed for macrobenthic assemblages at two beaches subjected to off-road vehicle (ORV) traffic (Teewah Beach and North Shore) contrasted with two reference sites (Sunrise and Peregian Beach) without vehicular beach traffic per transect), yielding 12,139 specimens; this comprehensive sampling coverage equates to 111 m 3 of sand that was processed manually.
Triplicate sediment cores (30 mm diameter, 100 mm deep) were excavated at each level and matched the position where faunal samples were taken. Triplicate cores were pooled for each level in the field and sealed in airtight plastic bags. In the laboratory, sand moisture content was measured as weight loss after drying to constant weight (65 o C for 48 hours). Granulometry was determined by dry sieving through a nested series of sieves with mesh sizes of 4000 lm, 2000 lm, 1000 lm, 500 lm, 250 lm, 125 lm, and 63 lm. Sediment statistics (e.g., mean grain size, sorting, skewness, kurtosis, etc.) were calculated with the GRADISTAT software, using the Folk and Ward method (Blott and Pye 2001) .
Data Analysis
Zones across the beach face (i.e., lower, middle, and upper shore) were identified from similarities in environmental attributes across all beach levels sampled, using groupaverage clustering based on normalized Euclidean distance (Clarke and Warwick 2001) . Five environmental variables were included in these cluster analyses: (1) percent sand moisture content, (2) elevation above low water (m), (3) station slope, (4) mean sediment grain size ([), and (5) the position of each sample relative to the effluent line (binary).
A four factor (nested) analysis of variance (ANOVA) was used to test for differences in faunal density, species richness, and diversity (Shannon Wiener Index) at multiple spatial scales over time. Because unequal numbers of samples were collected from each zone (i.e., lower, middle and upper shore), samples were selected at random and eliminated from the data-set to balance the sample design. A total of 360 samples were included in the ANOVA test (i.e., 10 samples per zone per beach for each sampling occasion). The sources of variation included in the analyses were: (1) ORV versus controls (random, orthogonal), (2) Site (nested within ORV vs. Control), (3) Zone (fixed, orthogonal), and (4) Time (random, orthogonal). Cochran's C-Tests were used to test for homogeneity of variances. Untransformed data were used if transformations failed to stabilize heterogeneous variances, but the level of significance, a, was then reduced from 0.05 to 0.01 to reduce the chance of making a Type I error (Underwood 1981 (Underwood , 1997 . Pooling procedures, involving elimination of terms from the mean square estimates, were done if a term was nonsignificant at p [ 0.25 (Underwood 1981 (Underwood , 1997 .
Multivariate differences in community structure between impact and reference beaches were tested with Analyses of Similarity, ANOSIM (Clarke 1993 (Clarke , 1999 . All tests were based on the Bray-Curtis resemblance function. As a diagnostic check for the possible effects of data transformations on the ANOSIM tests, contrasts were run separately for raw data (x 0 = x) and four transformations (x 0 = x 0.25 , x 0 = x 0.5 , x 0 = log 10 x, and x 0 = pres/abs). This was done for each zone (i.e., upper, middle and lower beach) and season separately. The ANOSIM tests were complemented by nonmetric multidimensional scaling (NMDS) ordinations, to aid in visual identification of shifts in community structure between treatments. The contributions of individual taxa to total dissimilarities in community structure between reference and impact sites were identified with SIMPER (SIMilarity PERcentages) analyses (Clarke and Warwick 2001) . The link between environmental variables and faunal community structure was tested with the BIO-ENV method (Clarke and Ainsworth 1993) . Finally, differences in multivariate community variability over time between treatments were quantified as relative dispersion values according to Warwick & Clarke (1993) .
Results
Habitat Characteristics
All beaches were of the intermediate morphodynamic type and wave-dominated (Table 1) . The beaches are moderately wide at 57-75 m, with an intermediate slope of 2.1-2.6°, and sediments consist of fine to medium sand, ranging in size from 272 to 371 lm (Table 1) . Waves along this coast are usually in the range of 0.5-2.5 m, with a period of 7-20 s (Table 1) , and the beaches are microtidal with maximum tide ranges \2.5 m.
There were no marked differences in sediment properties or beach morphology between ORV-impacted and reference beaches (Tables 1 and 2 Traffic Distribution
Vehicle traffic was usually concentrated in the middle and upper sections of the beaches; these zones carried 91% of all beach traffic (Table 3 ). The distribution of beach traffic did vary to some extent seasonally and between beaches. For example, during the austral winter (August 2005), 79% of vehicles on Teewah beach crossed the soft, upper shore, while 41% of all traffic in January 2006 occurred on the lower part of this beach (Table 3) . Most drivers did, however, avoid driving on the lower shore and in the swash zone which accounted for only 9% of all recorded ORV traffic (Table 3 ). The concentration of traffic in the middle and upper sections of the beach resulted in up to 74 vehicle passes per hour in these areas, whereas traffic volumes on the lower shore were considerably lower at 0-10 vehicles per hour.
Macrobenthos Abundance and Diversity
A total of 12,139 individuals were collected in the 720 samples, comprising 37 species. Polychaetes were the most speciose group with 15 species, followed by amphipods (6 species), bivalves (5 species) and isopods (4 species). One species each was recorded for gastropods and mysid shrimp. Crustaceans dominated the fauna numerically, comprising 72.8% of all individuals, followed by polychaetes (23.3%), molluscs (3.7%), and insects (0.2%). Within the crustaceans, isopods and amphipods dominated the catches at 23.3% and 47.7% of total macrobenthos abundance respectively, whereas decapods (0.14%) and mysids (1.8%) were rarer. A large number of samples from the ORV-impacted beaches contained no fauna, whereas invertebrates were found in almost all samples from the control beaches (Table 4 ). In fact, zero catches dominated the collections on the upper shore of beaches impacted by traffic where up to 97% of samples contained no fauna. On average, 84% of all sample units on the upper shore of impact beaches were void of animals, compared to only 12% on the reference beaches. In the middle section of the beach, 25-63% of samples from the impact beaches were found to be defaunated, whereas macrobenthos occurred in all but 2% of samples taken from reference sites (Table 4) . These stark contrasts in faunal occurrence between impact and control sites were less pronounced on the lower shore and in the swash zone, but 7% of all cores from impact beaches were void of invertebrates compared with reference beaches that contained individuals in every single core taken (Table 4) .
ORV-impacted beaches had significantly lower abundance, species richness, and diversity of macrobenthos (Figs. 5 and 6, Table 5 ). Contrasts did vary to some extent across a number of spatial and temporal scales (Table 5) , Wright & Short (1984) , Short (1996) b McLachlan and others (1993) c McLachlan & Dorvlo (2005) d Soares (2003) but overall there was a consistently strong effect of vehicle impact (i.e., reference versus ORV) on the upper and middle beach, irrespective of season (e.g., nonsignificant interaction term between impact 9 zone 9 time, Table 5 ).
On the lower shore and in the swash zone, mean total macrobenthos density was broadly comparable between reference (163.6 ± 16.5 Ind. m -2 ) and ORV-impacted beaches (149.8 ± 14.1 Ind. m -2 ). By contrast, the middle shore of impacted beaches supported only 34% of the total macrobenthos abundance recorded on reference beaches (ORV: 93.0 ± 18.0 Ind. m -2 , Reference: 270.9 ± 48.8 Ind. m -2 ), and densities were reduced by two orders of magnitude on the upper shore (ORV: 3.8 ± 1.3 Ind. m -2 , Reference: 458.4 ± 114.4 Ind. m -2 ). In the upper zone of reference beaches 1.41 ± 0.09 species were recorded on average per sample, but only 0.19 ± 0.05 species on the impact beaches, representing an 87% decline in species density. The decrease in species density was equally substantial on the middle shore at -61% (ORV: 1.07 ± 0.13 spp. sample -1 , Reference: 2.78 ± 0.13 spp. sample -1 ). There was no marked difference in species density on the lower shore where few vehicles drive, with both reference (3.58 ± 0.12 spp. sample -1 ) and impact beaches (3.34 ± 0.17 spp. sample -1 ) recording similar species density (Fig. 5b) . Similarly, values of Shannon-Wiener diversity indices were sharply reduced by a factor of 5 to 8 in samples from impact beaches on both the upper shore 
Shifts in Community Structure
Community structure differed significantly between reference and ORV-impacted beaches (Figs. 7-9 ). These differences in community structure were generally small for the lower shore and swash zone, with considerable overlap between sites and low r-values (Fig. 8 ). By contrast, assemblages of the middle and upper shore on ORVimpact beaches, where most of the traffic is concentrated, are highly disjunct from those in the same zones on reference beaches (Fig. 8 ). These differences in community structure were detectable in all seasons, but generally became more pronounced during the austral summer when traffic volumes doubled (Fig. 8) .
Neither any single nor a combination of environmental variables explained a sizeable fraction of the faunistic differences between impact and reference beaches (Table 6 ). By contrast, vehicle traffic was significantly correlated with changes in macrobenthos community structure, particularly on the upper and middle shore (Table 6 ). In these zones, the inclusion of sediment variables, or beach slope, did not measurably improve the correlations between biological and environmental similarity matrices over that explained by vehicle traffic alone. Because faunistic differences are not linked to variations in environmental conditions between treatments, vehicle traffic is likely to be the most parsimonious explanation for the observed difference in community structure between impact and reference beaches.
These shifts in assemblage structure on ORV-impacted beaches were on the upper shore driven mainly by sharp decreases in the abundance of the cirolanid isopod Pseudolana concinna (Table 7 ). This species occurred at a mean density of 435.09 ± 114.4 Ind. m -2 on beaches without vehicles, but only 0.97 ± 0.41 Ind. m -2 were on average found on impacted beaches. Other species of the upper shore that contributed to [90% of total dissimilarity between impact and reference beaches were Insects, the amphipod Urohaustorius sp. 1 and the polychaete Glycera sp.1 (Table 7) . Differences in community structure of the middle shore were spread over more species, with no single species driving the pattern as strongly as on the upper shore ( Table 7) . As was the case for the upper shore, Pseudolana concinna, Glycera sp.1, and Urohaustorius sp. 1 contributed most to overall dissimilarities, complemented by Fig. 4 Variation in sediment size (mean grain diameter) between beaches subjected to ORV traffic and beaches without vehicles in each of three zones across the beach face (c.f. Table 2 for inferential statistics) (Table 7) . Assemblage structure was more variable over time on ORV-impacted beaches (Table 8 , Fig. 9 ), particularly on the upper and middle shore (Table 8 , Fig. 9 ).
Discussion
Impacts of ORVs on Beach Macrobenthos
Macrobenthic assemblages on beaches subjected to vehicle traffic were composed of significantly fewer species at much reduced abundances, resulting in marked shifts in community structure compared with beaches closed to vehicles (Figs. 7 and 8) . The most parsimonious explanation for the observed differences in macrobenthic communities between treatment and reference beaches is that vehicles reduce the fauna.
Ecological effect sizes were consistent with the distribution of traffic across the beach face: stronger differences were recorded on the upper and middle part of the beach where most (91%) of the vehicle traffic occurred. Conversely, few vehicles generally drove on the lower beach or entered the swash zone, and macrobenthic assemblages in this zone had comparable density, species richness, and diversity between impact and reference sites (Fig. 5) . This concordance of faunal differences and traffic distribution is consistent with the distribution of physical impacts caused by ORVs on sandy beaches in the region (Schlacher and Thompson 2007; Schlacher and Thompson in press) . Vehicle traffic causes deep rutting of the soft, upper beach resulting in large volumes of sand being disturbed and displaced (Anders and Leatherman 1987) . Similarly, most of the surface of the middle shore is covered by numerous, Tabulated probability values (P (2) ) refer to two-sided tests of differences between proportions overlapping tire tracks, whereas very few vehicles travel below the effluent line and in the swash (Schlacher and Thompson in press) . Community attributes of the macrobenthos on sandy beaches are strongly linked to physical conditions of the habitat (Defeo and McLachlan 2005) . Assemblages on dissipative beaches with flat slopes, benign swash regimes, and fine sands comprise more species at higher densities than the less species and less abundant communities typical of steeper, reflective beaches that have harsher swash climates and coarser sands (McLachlan and others 1993; McLachlan and Dorvlo 2005) . In the present situation, habitat attributes are highly unlikely to have driven the observed faunal differences between impact and reference beaches. Key habitat characteristics (e.g., sediment size, wave regimes, slope, etc.) of the ORV-impacted beaches did not markedly differ from reference sites, and all beaches had highly similar morphodynamic properties (Table 1, Figs. 2-4) . Consequently, environmental variables were not significantly correlated with differences in community structure between impact and control beaches, but vehicle traffic was (Table 6) .
Beach invertebrates can be killed at high intensities of vehicle traffic through direct crushing (Wolcott and Wolcott 1984; van der Merwe and van der Merwe 1991; Schlacher and others 2007a) . The severity of these direct impacts appears to depend on the compactness of the sand, the sensitivity of individual species and the depth to which they are buried in the sand. For example, van der Merwe & van der Merwe (1991) showed that (1) surf clams and whelks are less vulnerable to ORV impacts if buried in compact sand, (2) damage to intertidal species increases significantly if organisms are exposed on or near the surface of the sand, especially the soft-bodied mysid Gastrosaccus psammodytes, and (3) animals on the upper shore (in particular the isopod Tylos capensis) are highly susceptible to traffic impacts because of the softer sand and the tendency for ORV drivers to follow in the same tracks.
Spatial and Temporal Scales of Impacts
Disturbances differ mainly in the duration and intensity of impacts, and are commonly classified as pulse or press disturbance (Glasby and Underwood 1996; Lake 2000) . Other important aspects of disturbances regimes include the types of impact forces, their frequency and predictability, and the spatial extent over which they operate (Lake 2000) .
The effects of ORVs on sandy beaches are a combination of both the pulse and press type. Traffic volumes on the beaches studied are substantial in all seasons, with approximately 15,000 vehicles per month traversing the beach during the ''low'' season in the austral winter (press disturbance). Essentially, ORVs traverse the beaches on any given day of the year, except in unusually rough conditions during rare storm events. These base volumes rise sharply during the summer holidays to [30,000 vehicles per month, and several peak events occur during public holidays where traffic can exceed 5000 cars per day (pulse disturbance). Thus, disturbance forces applied by beach traffic are broadly predictable and consist of continuous press impacts amplified by several pulse events. The ecological impacts arising from such disturbance regimes are thus likely to be continuous. Seasonal recovery of the fauna is therefore unlikely because a period of minimal impact does not exist in the present situation. In fact, differences in macrobenthic communities between ORV-impacted and reference beaches were clearly detectable during all seasons, the ecological effect size increasing during the peak traffic period in summer (Fig. 8) .
The beaches studied by us are located in South-East Queensland which is Australia's fastest growing region with an annual population growth of 2.5% that occurs almost exclusively in the narrow coastal strip (Australian Bureau of Statistics 2004). Beaches are iconic assets in Australia, and it is the attractiveness of sandy beaches that underpins most of the coastal population growth (Jones and others in press). A distinct ''beach lifestyle,'' linked strongly to hedonistic leisure activities, has developed over the last decades, and this culture is important in the economic development of the region (Legge Wilkinson 1996) . Driving of ORVs on sandy beaches is a highly popular leisure activity, and long stretches of the region's beaches are open to ORV traffic. Beaches subjected to vehicle traffic include those on offshore barrier islands and in many National Parks and even in World-Heritage listed areas. Although the present study is the most comprehensive assessment of ORV impacts on invertebrate assemblages on sandy beaches, its spatial ambit was somewhat restricted at \50 km. The magnitude of the observed ecological effects caused by ORVs was large in the present situation; given the widespread use of ORVs on many beaches in the region at broadly similar traffic volumes, the spatial scale of these ecological impacts may be also be large. Ecological Flow-On Effects
Macrobenthic organisms are a key structural and functional component of sandy beach ecosystems. Benthic invertebrates play crucial roles in the cycling of nutrients (Cockroft and McLachlan 1993; Soares and others 1997) , consume beach wrack deposited on the upper shore (Dugan and others 2003) , and are important prey for fish, crabs, and shorebirds (Brown and McLachlan 1990; Du Preez and others 1990; Crawley and others 2006; McLachlan and Brown 2006; Peterson and others 2006) . Substantial changes to these communities -as recorded in the present study caused by ORVs -may therefore have ramifications on ecosystem properties of sandy beaches beyond the impacts on the macrobenthos itself. These ecological consequences are presently unknown and need to be assessed in order to formulate a comprehensive assessment of ORV effects on sandy beach ecosystems. Of particular interest to the public are putative effects on fishes and birds. It is possible that standing stocks of surf-zone fishes decline if food availability of their macrobenthic prey is reduced through the action of ORVs. Equally, shorebirds are highly sensitive to beach traffic (Williams and others 2004) . Reported mechanisms causing population declines of shorebirds on beaches that are open to ORVs center mostly on direct kills (e.g., overruns and the destructions of nests) and disturbance to feeding (Buick and Paton 1989) , but complementary mechanisms that operate via reduced food resources may also occur. Finally, ORVs are frequently forced high up onto the beach during high tides and rough seas and may travel in the dunes. Because dune vegetation is highly sensitive to physical disturbance by vehicles (Rickard and others 1994) , invertebrates inhabiting dunes are vulnerable to crushing (Steiner and Leatherman 1981) . Thus, the spatial ambit of the ecological impacts caused by ORV traffic extends beyond the unvegetated intertidal areas. In 
Management Implications
Beaches are prime sites for human recreation (de Ruyck and others 1997; Davenport and Davenport 2006) . Leisure activities span a broad spectrum of uses ranging from lowimpact activities, such as bird-watching and walking, to high-impact pursuits, such as ORV driving. Although ORV driving on beaches is highly popular and widespread in Australia and elsewhere, all beach users do not necessarily perceive it is as an acceptable form of outdoor recreation; in fact, coastal tourists perceive driving of vehicles on beaches to be highly harmful to the environment (Priskin 2003a) . ORVs also greatly diminish the wilderness character of beaches and reduce their attractiveness for people to engage in ''nature experiences'' (Wilkinson 2001) . From an ecological perspective, the impacts of ORVs can be wide-ranging and severe (Palmer and Leatherman 1979; Godfrey and Godfrey 1980) and this study provides clear evidence on the impacts by ORVs on beach invertebrates.
Ecological impacts caused by beach traffic provide arguments to restrict the use of ORVs on beaches, but social and economic demands may favor the opening of beaches to vehicles (Celliers and others 2004) . Local and regional economies can, arguably, benefit from ORV traffic on beaches (Silberman and Andereck 2006) , and some beaches may only be accessible by ORVs (Celliers and others 2004) . Conversely, nonORV users are likely to be deterred from visiting beaches with excessive vehicle traffic, removing a potential income source for local businesses. In the present situation, the beaches north of Noosa are immensely popular for fishing and beach camping, and serve as a transit route for beaches further to the north. Quantitative data on the social acceptance of beach traffic and its economic costs and benefits generally do not exist for most beaches, and the management of beach traffic is therefore not based on defensible data or inclusive of social, economic, and ecological dimensions (Schlacher and others 2006; others 2007a, 2007b) .
Key requirements of beach management plans are to minimize conflicts between different user groups while conserving the ecological features of beaches (James 2000; Celliers and others 2004) . From an environmental conservation perspective it is thus prudent to restrict traffic volumes on beaches where ecological effects are demonstrably caused by vehicles (this study). Setting limits on traffic volumes does, however, require information on the relationship between traffic intensity and impact sizes in order to determine threshold levels of traffic above which ecologically significant impacts do occur. These data are currently only available for ghost crabs in a single locality (Schlacher and others 2007a) , and more field experiments are therefore required to identify impact thresholds for a range of communities and beach types. Overall, multiple issues caused by ORV traffic on sandy beaches are increasingly confronting coastal managers. Management strategies and actions need to be broadly accommodating of social, cultural, and economic demands and include conservation measures based on defensible and robust data on the ecological responses of beaches to human pressures.
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